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Abstract
© 2020 Elsevier B.V. Thin films of polypyrrole (PPy) containing nano-Ni ('nano-Ni’) (as catalyst) and
reduced graphene oxide (rGO) (as conductor) have been studied as (photo)electrocatalysts of the oxygen
(O2)-evolution reaction (OER) (at 0.8 V vs Ag/AgCl, in 0.2M Na2SO4, pH 12) and the hydrogen (H2)evolution reaction (HER) (at -0.75 V vs Ag/AgCl, in 0.05M H2SO4/0.2M Na2SO4) under light illumination
of 0.25 sun. The above conditions were the most favorable for O2/H2-evolution under which the PPy and/
or the nano-Ni constituents were not degraded. The industry benchmark catalyst, bare Pt, generated 0.15
mA/cm2 for O2-evolution and 2.2 mA/cm2 for H2-evolution under the above conditions. However, when
the Pt was coated with PPy containing nano-Ni, and rGO in optimum molar ratios, it generated catalytic
current densities that were 670 % larger for O2-generation (0.97–1.0 mA/cm2, including a photocurrent of
0.48 mA/cm2) and 18 % larger for H2-generation (2.38–2.60 mA/cm2, including a photocurrent of
0.20−0.40 mA/cm2), over periods of up to 50 h. EIS and Tafel plots indicated that these remarkable
synergic amplifications derived from the combination of a high density of catalytic sites with the leastresistive conduction pathways, on average, within the coating. As catalytic accelerations of this type have
previously only been observed with poly(3,4-ethylenedioxythiophene) (PEDOT), these results indicate that
the principles of synergistic amplification also apply to other conducting polymer supports.
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ABSTRACT: Thin films of polypyrrole (PPy) containing nano-Ni ('nano-Ni’) (as catalyst) and reduced
graphene oxide (rGO) (as conductor) have been studied as (photo)electrocatalysts of the oxygen (O2)evolution reaction (OER) (at 0.8 V vs Ag/AgCl, in 0.2M Na2SO4, pH 12) and the hydrogen (H2)evolution reaction (HER) (at -0.75 V vs Ag/AgCl, in 0.05M H2SO4/0.2M Na2SO4) under light
illumination of 0.25 sun. The above conditions were the most favorable for O2/H2-evolution under
which the PPy and/or the nano-Ni constituents were not degraded. The industry benchmark catalyst,
bare Pt, generated 0.15 mA/cm2 for O2-evolution and 2.2 mA/cm2 for H2-evolution under the above
conditions. However, when the Pt was coated with PPy containing nano-Ni, and rGO in optimum molar
ratios, it generated catalytic current densities that were 670% larger for O2-generation (0.97-1.0
mA/cm2, including a photocurrent of 0.48 mA/cm2) and 18% larger for H2-generation (2.38-2.60
mA/cm2, including a photocurrent of 0.20-0.40 mA/cm2), over periods of up to 50 h. EIS and Tafel

plots indicated that these remarkable synergic amplifications derived from the combination of a high
density of catalytic sites with the least-resistive conduction pathways, on average, within the coating.
As catalytic accelerations of this type have previously only been observed with poly(3,4ethylenedioxythiophene) (PEDOT), these results indicate that the principles of synergistic amplification
also apply to other conducting polymer supports.
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1.

Introduction

Thin films of conducting polymers (CP) have been widely used to immobilize electrocatalysts
and photoelectrocatalysts, especially in applications, where oxygen (O2) and/or hydrogen (H2)
are generated from water (H2O).1 Polypyrrole (PPy) is an inexpensive conducting polymer that
is stable and easily fabricated by polymerization of its monomer.1 Light-activated water-splitting
semiconductors like CdS, TiO2 and ZnO display enhanced performances when overcoated with
PPy in the form of a thin layer.1 In these applications, the low bandgap PPy excites electrons in
response to visible light, leading the semiconductor to extract them from the PPy. The electrons
have enough energy to reduce protons to H2. The remaining holes on the PPy are capable of
oxidizing water, generating O2 gas.1
PPy has three important features that make it useful in catalytic water-splitting
applications when layered on a semiconductor:1 (1) Its bandgap (2.6 eV) facilitates
photoelectrochemical performance under visible light, (2) the conductive nature of PPy
accelerates electron transfer during hole creation, and (3) the stability of PPy subdues photocorrosion of the semiconductor, thereby imparting stability to the system for water oxidation.
PPy is also stable in acid and neutral conditions, preventing electron–hole recombination
reactions (backward reactions). 1-3

The chemical structures and doping technique play an important role in determining the
properties of the PPy in such photoelectrodes. However, practical guidelines as to how to deploy
thin-film PPy supports for maximum catalytic effect, have been notably absent.
In previous studies, we examined the conditions under which the conducting polymer
support poly(3,4-ethylenedioxythiophene) (PEDOT) may be induced to maximize catalytic
performance.4,5 Those studies showed that thin-film PEDOT incorporating specific, fixed ratios
of catalysts (nanoparticulate Ni, ‘nano-Ni’) and conductors (reduced graphene oxide, rGO)6
yielded substantially larger (photo)currents than equivalent, control films. This included films
that contained the same quantities of catalysts and conductors without the PEDOT. They also
significantly out-performed the industry-standard, benchmark catalyst for water-splitting, Pt, in
oxygen4 and hydrogen5 evolution from water under near-neutral pH conditions.
In order to further understand this effect and examine its generality in respect of other
conducting polymer supports, we were interested to study it with a different conducting
polymer. PPy was chosen because it has already been widely investigated in catalytic watersplitting.1
In this work, we report synergistic amplification of light-driven O2- and H2-generation
catalysis from water by thin-film PPy composites containing specific ratios of nano-Ni and rGO.
A film of PPy containing nano-Ni and rGO in the molar ratio of 1.00 (N; PPy monomer) :
1.49 (Ni) : 7.09 (C; rGO and counter-ions), deposited on Pt-coated FTO glass, generated current
densities for oxygen evolution catalysis of 0.97-1.0 mA/cm2 (including a photocurrent of 0.48 mA/cm2)
at 0.8 V vs Ag/AgCl, in 0.2 M Na2SO4, pH 12, with constant light illumination of 0.25 sun. This was a
remarkable 6.5-fold larger than the uncoated, bare Pt electrode, which yielded only 0.15 mA/cm2 under
the same conditions.
For hydrogen evolution, the optimum thin film contained a ratio of 1.00 (N; PPy monomer):
1.95 (Ni): 8.63 (C; rGO and counter-ions). When deposited on Pt-coated FTO glass, it yielded current
densities of 2.38-2.60 mA/cm2 for catalytic hydrogen evolution (including a photocurrent of 0.20-0.40
mA/cm2) at -0.75 V vs Ag/AgCl, in 0.05 H2SO4 / 0.2 M Na2SO4, with 0.25 sun light illumination. This

was 18% more than a control bare Pt electrode, which produced 2.22 mA/cm2 under the same
conditions.
GC and other studies confirmed that O2 and H2 were the only product gases generated in the
above experiments, respectively. Electrochemical impedance spectroscopy (EIS) and Tafel plots
indicated that, in both systems, the catalytic amplification stemmed from the electrical connection
imparted by the PPy to the largest number of catalytic sites (thereby maximising the catalytically active
area) by the shortest, most conductive pathway (thereby decreasing the Tafel slope and maximizing the
catalytic activity of each site). That is, there was a synergistic matching of the conductivity,
connectivity, and catalytic capacity of the above films. The differing component ratios for optimum H2
and O2 evolution derived from the dissimilar conductivity of PPy for the current carriers in these
systems; namely, electrons (e-) in the case of O2 evolution and holes (h+) for H2 generation.
These results indicate that synergistic amplification of catalysis is not limited to the use of
PEDOT supports,4-5 but can also be achieved using other conducting polymers such as polypyrrole.

Figure 1. Chronoamperograms with and without light illumination (0.25 sun), in 0.2 M Na2SO4 (pH
12 at 0.8 V (vs. Ag/AgCl)), of glass FTO slides coated with: PPy/Nano-Ni, that had been vapourphase polymerised using solutions containing the following quantities of nano-Ni: (a) 0 mg nano-Ni
(control), (b) 20 mg nano-Ni, (c) 100 mg nano-Ni, (d) 125 mg nano-Ni, and (e) 135 mg nano-Ni.
(*=’light on’, #=’light off’).

Figure 2. Chronoamperograms with and without light illumination (0.25 sun), in 0.2 M
Na2SO4 (pH 12 at 0.8 V (vs. Ag/AgCl)), of glass FTO slides overlaid with thin films of
PPy/nano-Ni/rGO that had been vapour-phase polymerised using solutions containing 125
mg of nano-Ni and rGO in the following quantities: (a) 4.8 mg, (b) 5.4 mg, and (c) 6.0 mg.
(*=’light on’, #=’light off’).

2. Results and Discussion
2.1

Studies of PPy/nano-Ni/rGO thin films on FTO and Pt as Water Oxidation

(Photo) Catalysts.
2.1.1

Preparation and Optimization of the PPy/nano-Ni/rGO thin film for Catalytic

Oxygen Generation from Water
Uniformly deposited thin-films of vapour-phase polymerized PPy containing different
quantities of nano-Ni (av. 20 nm diameter) and rGO were prepared on glass FTO slides (4.2
cm2). Their performance was then tested in water oxidation (photo)catalysis in 0.2 M Na2SO4
aqueous solution, with the pH adjusted to 12 and with voltage biased at 0.8 V (vs Ag/AgCl).
These voltage and pH conditions were chosen because they are the most favourable for water
oxidation at which typical conducting polymer supports, like PPy and PEDOT, were not subject

to oxidative degradation.4 A SoLux daylight MR16 halogen light (0.25 sun intensity) was used to
illuminate the surface of the electrode during testing. GO was initially incorporated into the PPy
and thereafter partially electrochemically reduced to rGO (with 1.9 x 10-6 C of charge
exchanged).4
The optimum quantity of nano-Ni in the PPy was first established. Nano-Ni was
incorporated into PPy films in quantities starting from 20 mg and then working upwards. Figure
1 shows the trend that was observed. The PPy film containing 125 mg nano-Ni produced the
largest current density of 580-590 µA cm2 under light illumination (Figure 1(d)). Films
containing more (Figures 1(e)) or less (Figures 1(a)-(c)) than 125 mg nano-Ni yielded smaller
current densities.
Having determined the optimum proportion of nano-Ni, we then investigated the
incorporation of rGO into the PPy/nano-Ni film. Figure 2 shows that the highest performing
sample contained 6.0 mg of rGO and 125 mg of nano-Ni, which produced 840-860 mA/cm2
under light illumination (Figure 2(c)). This film was 0.66 µm thick and had a conductivity of 7.78
S/cm2. It proved impossible to incorporate more than 6.0 mg of rGO because the polymerization
mixture became too thick to spin-coat successfully.

2.1.2

Performance of Comparable, Control Thin Films

Figure 3 depicts chronoamperograms, under the same testing conditions, over 1 h (Figure 3(I))
and over the first few minutes (Figure 3(II)) of control thin films. The control films comprised
of: (a) 6.0 mg rGO only, (b) PPy embedded with 6.0 mg rGO, or (c) 6.0 mg rGO and 125 mg
nano-Ni only, without any PPy present.
It is apparent from Figure 3(I) that, over 1 h, all of the control coatings yielded notably
lower currents than the 840-860 µA/cm2 produced under light illumination by the most active
PPy/nano-Ni/rGO film (Figure 2(c)). For example, the control coating containing the same
absolute quantities of 125 mg nano-Ni and 6.0 mg rGO present in the most active film, but with

(I)

(II)
(c)
(b)
(a)

Figure 3. Chronoamperograms over 1 h (I) and in the first few minutes (II) at 0.80 V (vs Ag/AgCl) in
0.2 M Na2SO4 (pH 12), with and without light illumination (0.25 sun), of glass FTO slides layered with
control thin films incorporating: (a) 6.0 mg rGO only, (b) PPy incorporating 6.0 mg rGO, and (c) 6.0
mg rGO and 125 mg nano-Ni only (no PPy present). (*=’light on’, #=’light off’).

no PPy present, yielded a current density under light illumination of 650-700 µA/cm2, which
was ~25% lower (Figure 3(I)(c)). The presence of the PPy in the most active thin film therefore
amplified its current density by ~25%. The control films containing only rGO (Figure 3(I)(a))
or only PPy/rGO (Figure 3(I)(b)) performed still worse.

To assess the incidence and magnitude of transient electrochemical processes, we also
examined the performance of the control films in the first few minutes of operation. Figure
3(II)(b) shows that the control film of PPy incorporating only 6.0 mg rGO exhibited a large initial
current that declined to a stable current over about 3 min. The control film containing 6.0 mg rGO and
125 mg nano-Ni only with no PPy present also displayed a transient current that disappeared after a few
minutes (Figure 3(II)(c)). By contrast, the control film comprising 6.0 mg of rGO on its own exhibited
a flat current profile, indicating an absence of transient currents.
The above transient currents are attributable to oxidation processes involving the PPy and
the nano-Ni, respectively. The PPy is initially deposited in its non-conducting, reduced form.
At the applied voltage it is oxidized to its conducting, polaron form. Figure 3(II)(b) shows that
this takes around 3 min and creates the observed transient current. The charge involved in the
oxidation of the PPy was measured to be 0.379 C.
The surface of the nano-Ni in the control film containing 6.0 mg rGO and 125 mg nano-Ni
only with no PPy present is similarly oxidized into a thin Ni oxide layer under the testing
conditions. This process is also complete after a few minutes (Figure 3(II)(c)). The charge
involved in this process was found to be 0.293 C.
The rGO in the control films was already highly oxidized, having been synthesized using
an excess of the powerful oxidant KMnO4 in sulphuric acid. It therefore did not display
significant transient oxidation processes (Figure 3(II)(a)).

2.1.3

Performance of the Most Active PPy/Nano-Ni/rGO thin film on Pt

To assess the performance of the best film against the industry standard catalyst for O2-evolution
from water, Pt, we tested the best PPy/nano-Ni/rGO thin film on an FTO electrode that had been
sputter-coated with Pt.

Figure 4. Chronoamperograms, with and without light illumination (0.25 sun), at 0.80 V (vs Ag/AgCl)
in 0.2 M Na2SO4 (pH 12), of glass FTO slides layered with thin films of: (a) PPy only (control), (b) bare
Pt, and (c) Pt overcoated with PPy/nano-Ni/rGO incorporating 125 mg nano-Ni and 6.0 mg rGO,
(*=’light on’, #=’light off’).

Figure 5. Chronoamperogram, with and without light illumination (ca. 0.25 sun), at 0.80 V (vs
Ag/AgCl) in 0.2 M Na2SO4 (pH 12), of a glass FTO slide coated with Pt that had been overcoated with
PPy/nano-Ni/rGO, where the polymerisation blend incorporated 125 mg of nano-Ni and 6.0 mg of rGO
(*=’light on’, #=’light off). The inset graph depicts the pH change in the anode electrolyte during the
first 20 h of testing.

This work was carried using a custom-built cell that involved two half-cells sealed to
each other by an intermediate Nafion 117 proton exchange membrane (Figure S1). Each halfcell was continuously flushed with a carrier stream of argon gas. The gas outlet of each of the
half-cells was piped directly to a dedicated gas chromatograph that allowed for periodic analyses
of the gases being generated.
Figure 4(c) shows that, on Pt/FTO, the film produced dark currents of 0.40-0.50 mA/cm2
and photocurrents of 0.47-0.50 mA/cm2, giving a total current under light illumination of 0.900.97 mA/cm2 (Figure 4(c)). This was well above the current produced by the uncoated Pt, which
was 0.15 mA/cm2 (Figure 4(b)). It was also greater than the current produced by the control PPy
alone (Figure 4(a)).
It is further noticeable that, on the Pt substrate, the most active PPy/nano-Ni/rGO film
produced a higher current density under light illumination (0.90-0.97 mA/cm2; Figure 4(c)) than
on FTO glass alone (840-860 mA/cm2; Figure 2(c)). This is due to the diminished sheet
resistance deriving from the more conductive (metallic) Pt layer.
Extended testing over 50 h revealed that the PPy/nano-Ni/rGO film on Pt/FTO produced
a consistent 0.92-1.00 mA/cm2 under light illumination (Figure 5). When the light was turned
off and then on again at about the 42nd hour, the current decreased to its dark current and then
returned to its full current, including photocurrent, confirming reproducibility up to at least 50
h of operation.
The charge exchanged during the 50 h of operation was measured to be 682.7 C, which
was enough to (1e-) oxidize, every pyrrole monomer and every C-atom in the rGO within the
thin film, four-times over.
Conducting polymer thin-films commonly undergo morphological changes that cause
delamination when only a few monomers are oxidized.6 The fact that this did not occur when so
large a volume of charge was exchanged indicates, unambiguously, that a negligibly small
proportion of the current derived from degradative reactions by the components of the coatings.

Figure 6. GC traces of gases produced by the best PPy/nano-Ni/rGO film on Pt/FTO

A distinct pH change was observed in the anode half-cell during the testing (Figure 5
inset graph). This is further confirmation of water oxidation catalysis at the anode, which
consumes hydroxide (OH-) ions during water-splitting.
The anode electrolyte was also periodically tested for peroxide formation using Qantofix
peroxide tests strips. No peroxide was observed (to the detection limit of 180 µg in the
electrolyte volume).

2.1.4 Studies on the Gas Produced; the Faradaic Efficiency

The gas in the gas bubbles produced by the most vigorous PPy/nano-Ni/rGO thin-film was
collected by the argon carrier gas passing through the test cell and analyzed by gas
chromatography (GC).
Prior to applying the voltage bias or the light illumination, the GC trace of the gas leaving
the anode half-cell was found to be pure argon (Figure 6 (left)). However, after the voltage bias
was applied and the cell was operated for some time (with or without light illumination), a
significant new peak with retention time matching that of O2, was observed (Figure 6 (center;

right)). Traces of hydrogen were also seen (Figure 6 (center; right)). The hydrogen likely crossed
over from the cathode, through the ion-permeable Nafion membrane that separated the two halfcells. Tiny N2 peaks were also detected on occasion; these derived from small amounts of air
that got into the system. No CO2 or CO was detected, confirming that the rGO or, at least, the
GO in the PPy/nano-Ni/rGO film was stable to oxidation during gas generation. Gas bubbles
generated at the Pt mesh counter electrode were separately demonstrated to be pure H2.
Integration of the O2 peak indicated that the Ar passing through the GC contained 63.5%
(without light illumination) and 64.1% (with light illumination) of the expected volume of
oxygen (based on the electrons exchanged). As the cell could not be made perfectly gas tight,
an unquantified volume of oxygen leaked out during the measurements. The above values
therefore represent under-estimates of the overall Faradaic efficiency. Given that no other
competing oxidation processes could be detected, the actual Faradaic efficiency was likely
significantly higher.

2.1.5 Characterisation of the Most Active PPy/nano-Ni/rGO Thin Film

Elemental analysis of the most vigorous PPy/nano-Ni/rGO film showed it to contain 26.00%
Ni, 4.15% N, and 39.42% C with no Fe. As only the PPy contains N, while the rGO contains
only C and the nano-Ni only Ni, the molar ratio of PPy : Ni : rGO was calculated to be 0.67 (N;
PPy monomer) : 1 (Ni) : 4.75 (C; other).
The morphology of the best PPy/nano-Ni/rGO film was studied using scanning electron
microscopy (Figure 7(a)). As is evident, the structure is highly porous. EDX-mapping (Figure
7(a)(i)-(iv)) showed uniform distributions of Ni (nano-Ni), C (PPy and rGO), O (rGO and pTS),
and N (PPy).
Transmission electron microscopy (TEM) (Figure 7(b)) demonstrated that the nano-Ni
particles and the rGO platelets were separately surrounded by the PPy and not in close contact
with each other. The nano-Ni particles (20-50 nm in diameter) are the dark edifices in Figure
7(b). The rGO plates (200-300 nm wide and long) are the pale background structures in Figure

(i)

(iii)

(ii)

(iv)

(a)

(b)

(c)

Figure 7. (a) SEM image of PPy/Nano-Ni/rGO incorporating 125 mg nano-Ni and 6.0 mg of rGO.
Insets depict the elemental distributions, using EDX, of: (i) N, (ii) O, (iii) C, (iv) Ni. (b) TEM image of
PPy/Nano-Ni/rGO, showing the rGO plates and the nano-Ni particles. (c) TEM of the nano-Ni/PPy
interface.

Figure 8. XPS spectra of the PPy/nano-Ni/rGO film that incorporated 125 mg of nano Ni and 6.0
mg of rGO (where: (a), (b), (c) and (d) represent the spectra of N 1s, C 1s, O 1s and Ni 2p
respectively. N 1s spectra derive from to the PPy while C 1s and O 1s can refer to either PPy and
rGO. Ni 2p refers to nano-Ni).

7(b). Figure 7(c) indicates that the PPy made unbroken contact with the Ni lattice. This was also
the case for the rGO.
X-ray photoelectron spectroscopy (XPS) was employed to establish the elemental
composition and chemical states of the PPy/nano-Ni/rGO film. Figure 8 depicts the measured
data as the individual points shown. Modelling results are shown by the solid lines.

The survey spectrum displayed main peaks for O 1s, C 1s, Ni 2p and N 1s. The O 1s
spectrum derives from rGO while the C 1s spectra can derive from either PPy or rGO. The N 1s
spectrum can only derive from PPy.
The C 1s spectra contains peaks at 283.99, 284.5, 285.1, 286.8, 288.1, 288.9 and 291.2
eV (Figure 8(a)). The maxima at 283.5 eV was a sp2 carbon hybrid, which fits the binding energy
of C=C bonds, while the peak at 284.3 eV represents a sp3 carbon hybrid and can derive from
C-C or C-H. The peak at 285.1 eV represents the binding energy of the C-N bond. Finally, 286.8,
288.1, 288.9 and 291.2 eV refer to C-O, C=O, O-C=O and π – π interactions binding bonds
respectively.7-12
The O 1s spectra of the film has peaks at 529.8, 531.2, 532.5 and 532.5 eV that reflect
the binding of Ni-O, C=O, C-O-H and C-O-C bonds respectively.13-15 The N 1s spectra
contained peaks at 499.97, 498.48, 401.88 eV, which correspond to the binding energy of –NH, =N- and N+.16-18
For the nano-Ni, there are peaks belonging to Ni 2p1/2 and 2p3/2 transitions at 854.7–
861.2 eV (Figure 7(d)). The main peak is at ~854.7 eV with a satellite at 861.2 eV representing
Ni 2p1/2. The peak at 872.2 eV with a satellite at 879.0 eV is due to the presence of Ni 2p3/2.
These are both typical of the Ni2+ ion.19

2.1.6 EIS and Tafel Plot Studies

EIS studies and Tafel plots were carried out at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12).
Figure 9(a)-(b) depict Nyquist and Bode plots respectively, of the Pt electrode coated with:
PPy/nano-Ni/rGO incorporating 125 mg nano-Ni and 6.0 mg of rGO (with and without light
illumination) (curves (iv)-(v) in Figure 9), the control, bare Pt (curve (iii) in Figure 9), and
control PPy-only electrodes (with and without light illumination) (curves (i)-(ii) in Figure 9).

(a)

(c)

(b)
(d)

Figure 9. EIS ((a) Nyquist and (b) Bode plots) showing modelled data (solid lines) and measured data
(individual points). The modelled data was obtained using the equivalent circuit in (c). All data was
collected in 0.2 M Na2SO4 (pH 12), at 0.80 V (vs Ag/AgCl). (d) Tafel plots of: (i) PPy only (dark; no
light illumination), (ii) PPy only (with light illumination), (iii) Pt only, (iv)-(v) Pt overcoated with
PPy/nano-Ni/rGO comprising 125 mg nano Ni and 6.0 mg rGO in the dark, (iv) with no light
illumination, and (v) with light illumination.

Sample

PPy (dark)
PPy (light)
Pt only
Pt/PPy/nano-Ni/rGO (dark)
Pt/PPy/nano-Ni/rGO (light)

Rel

Rad

Cdl

RCT

Ω cm2

Ω cm2

µF
cm-2

Ω cm2

3.3
3.7
9.9
1.7
2.4

227.1
186.2
120.7
133.8
111.6

18.85
17.14
19.73
16.89
16.72

739.9
672.1
270.4
179.2
165.8

QCPE
µΩcm2 n
s
0.02
0.03
0.06
0.06
0.07

nCPE

1

0.97
0.96
0.92
0.96
0.96

CCPE

A

io

µF
cm-2

mV/dec

mA
cm2

0.01
0.02
0.02
0.04
0.05

271
265
250
118
112

19.13
22.69
50.46
12.90
14.25

Table 1. Modelled data from Figure 9(a) (ohmic resistance (Rel), adsorption resistance (Rad),
diffuse layer capacitance (Cdl), catalytic charge transfer resistance (RCT), and capacitance
expressed in terms of a constant phase element (QCPE, nCPE, and CCPE))23 and from the Tafel plot
studies in Figure 9(d) (slope (A), exchange current density (io)).

Two distinct semicircles were observed in the Nyqist plots of the PPy/nano-Ni/rGO on
Pt/FTO (Figure 9(a)). The first fell in the range 10-100 Hz (Figure 9(b)). A tiny semicircle at
high frequencies (1,000-10,000 Hz) that can barely be seen at low Z values was also observed
(inset in Figure 9(a)). This is characteristic of catalytic charge transfer.
At pH 12, intermediate to low frequency processes generally derive from adsorptive
transfer of ions (charge carriers) from the diffuse layer to the catalyst.20 The EIS data was
modelled with the equivalent circuit in Figure 9(c).21 The modelled data (shown as solid lines)
provided a near-perfect match with the measured data (individual data points).
The results of the modelling are provided in Table 1. As can be seen, the adsorption
resistance, Rad, and the charge transfer resistance, RCT, of the PPy/nano-Ni/rGO film were Rad
165.8 Ω cm2 and RCT 111.6 Ω cm2 with light illumination, and Rad 179.2 Ω cm2 and RCT 133.8
Ω cm2 without light illumination. Both Rad and RCT are lower, under light illumination, than bare
Pt (Rad 270.4 Ω cm2 and RCT 120.7 Ω cm2). This indicates that the individual catalytic sites in
the PPy/nano-Ni/rGO film were more active than those on Pt. This may be due, in part, to the
presence of an oxide layer, which is known to form on Pt in moderately alkaline solutions.22 The
Bode plots (Figure 9(b)) show that the major impediment to reaction in the PPy/nano-Ni/rGO

film was adsorption, which shows up in the 10-100 Hz range, while for bare Pt it was the charge
transfer resistance, which appears in the 100-10,000 Hz range.
Tafel plots (Figure 9(d), and Table 1, last two columns) indicate that the PPy/nanoNi/rGO thin film displayed lower Tafel slopes (A) and smaller exchange current densities (io)
than bare Pt. Thus, while the PPy thin films were intrinsically less active than Pt (lower io
values), they were, catalytically, more strongly accelerated by the application of higher voltages
(lower Tafel slopes). Thus, the PPy/nano-Ni/rGO film required only 112 mV (with light
illumination) and 118 mV (without light illumination) to achieve a 10-fold increase in the
reaction rate, while Pt required 250 mV. Clearly the PPy, doped with rGO, in the PPy/nanoNi/rGO film provided electrical connectivity that allowed for efficient transmission of the
voltage bias to the catalytic sites.
These results therefore indicate that the high activity of the PPy/nano-Ni/rGO film
derived from the electrical connection imparted by the PPy to the largest number of catalytic sites
(thereby maximising the catalytically active area) by the shortest, most conductive pathway (thereby
decreasing the Tafel slope and maximizing the catalytic activity of each site). That is, there was a
synergistic matching of the conductivity, connectivity, and catalytic facility in the above films. This
effect is qualitatively identical to the effect noted previously with PEDOT conducting polymer.4

Figure 10. Chronoamperograms, with and without light illumination, at -0.75 V (vs Ag/AgCl) in 0.05
M H2SO4/0.2 M Na2SO4 of glass FTO slides coated with PPy/nano-Ni/rGO in which the coatings all
incorporated 125 mg nano-Ni but where the quantity of rGO present was: (i) 5.4 mg rGO, (ii) 6.0 mg
rGO, or (iii) 4.8 mg rGO. (*=’light on’, #=’light off).
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2.2.1 Studies of the PPy/nano-Ni/rGO Thin Films in Catalytic Hydrogen Generation

PPy thin films containing varying quantities of nano-Ni (av. 20 nm diameter) and rGO on glass
FTO slides (4.2 cm2) were prepared by vapour-phase polymerization and tested in
(photo)catalysis of the hydrogen evolution reaction (HER) (2H++2e- → H2) in 0.05 M H2SO4 /
0.2 M Na2SO4 at –0.75 V vs Ag/AgCl (Figure 10). These voltage and pH conditions are the most
favorable for hydrogen reduction under which Ni is not subject to dissolution.5 As in the O2generating thin films, GO was initially incorporated into the PPy and thereafter partially reduced
to rGO (with a net charge exchanged of ~1.9 x 10-6 C).

The highest performing film was found to incorporate 125 mg of nano-Ni and 5.4 mg of rGO.
Figure 10 depicts the optimization chronoamperograms showing that the PPy thin film with 125 mg of
nano-Ni and with 5.4 mg of rGO yielded the largest catalytic effect. The presence of larger or smaller
quantities of rGO decreased the maximum current density. The film was 0.65 µm thick with a
conductivity of 6.90 S/cm. The film produced a dark current of 1.95-2.25 mA/cm2 and a full current,
including photocurrent, under light illumination of 2.35-2.40 mA/cm2.
Figures 11 and 12 depict chronoamperograms of the comparable control films. Figure 11 shows
that films comprising of PPy alone (Figure 11(i)), PPy/nano-Ni (Figure 11(ii)), and (iii) PPy/rGO
(Figure 11(iii)) produced tiny currents, in the range 45-80 µA/cm2.

Figure 11. Chronoamperograms, after 3 h of operation, with and without light illumination (0.25 sun),
at –0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4, of glass FTO slides coated with: (i) PPy alone,
(ii) PPy/nano-Ni, and (iii) PPy/rGO. (*=’light on’, #=’light off).

Figure 12. Chronoamperograms at –0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of glass FTO
slides coated with: (i) nano-Ni/rGO (125 mg nano-Ni/5.4 mg rGO; without light illumination), (ii)
PPy/nano-Ni/rGO (with light illumination; 0.25 sun), and (iii) bare Pt (without light illumination).

Figure 12 shows the performance of the most active PPy/nano-Ni/rGO layer over 3 h (Figure
12(ii)) as a comparison with bare Pt control (Figure 12(iii)) and the control film incorporating 125 mg
nano-Ni and 5.4 mg rGO only, with no PPy present (Figure 12(i)). As can be seen, the latter, PPy-free
film yielded a current density of 2.10 mA/cm2 after 3 h under light illumination (Figure 12(i)). This was
~24% lower than the 2.60 mA/cm2 current density of the PPy film containing 125 mg nano-Ni and 5.4
mg rGO (Figure 12(ii)). That is, the presence of the PPy in the most active thin film amplified the
current density by ~24%. The PPy film incorporating 125 mg nano-Ni and 5.4 mg rGO also
outperformed the bare Pt control, which yielded 2.2 mA/cm2 after 3 h (Figure 12(iii)).
In summary; it is clear that, for hydrogen generation catalysis, the most active PPy thin-film
incorporating 125 mg nano-Ni and 5.4 mg of rGO outperformed: (i) the control bare Pt; and (ii) the
control thin-film incorporating only 125 mg nano-Ni and 5.4 mg rGO, with no PPy present.
At -0.75 V (vs Ag/AgCl), PPy is, of course, in its reduced form that is non-conducting for
electrons. It is, however, capable of conducting holes (h+), which were previously found to be the charge
carrier in the case of hydrogen evolution catalysis.5

Figure 13. GC traces of gases collected of HER system

2.2.2 Gas Collection of PEDOT/Nano-Ni/rGO on FTO

Gas chromatography was used to determine and identify the gas generated by the best PPy/nano-Ni/rGO
thin film on the FTO working electrode. The earlier-mentioned custom-built cell and dedicated gas
chromatograph was used to collected and characterize the gas produced at –0.75 V vs Ag/AgCl. As can
be seen in Figure 13, the GC trace after an elution time of 30 min contained only one peak whose
retention time corresponded to that of hydrogen (Figure 13). Peaks due to other gases, including
atmospheric N2 and/or O2, were conspicuously absent. Gas bubbles formed on the Pt mesh counter
electrode were separately found to be pure O2.

2.2.3

Characterization of the Most Active PPy/Nano-Ni/rGO Electrode

The elemental make-up of the best PPy/nano-Ni/rGO film on the working electrode was determined
using elemental analysis. These indicated a ratio of 28.0% Ni, 3.42% N and 37.04% C with no Fe.

Since only PPy contains N, while only the rGO contains C and only the nano-Ni contains Ni, the mole
ratio of the film was 0.51 (N; PPy; one monomer) : 1.00 (Ni) : 4.43 (C; other). This corresponds to 4.00
(C; PPy; one monomer): 1.95 (Ni): 8.63 (C; others).
The morphology of the PPy/Nano-Ni/rGO film after 3 h of operation was studied with SEM.
Figure 14 depicts an image of the deposited film, showing that the surface had changed to a more porous
structure. EDX-mapping (Figure 14, insets) indicated uniform distributions of Ni (nano-Ni), C (rGO
and PPy), and N (PPy).

Figure 14. SEM image of PPy/Nano-Ni/rGO (main picture) after 3 h of operation. The insets depict
the distribution of the following elements according to EDX mapping (top from left to right): C, O, N
and Ni, while the depiction at second from top left represents all of these elements in the film.

Figure 15. Powder XRD of PPy/Nano-Ni/rGO and control: PEDOT, rGO, and GO.

Powder XRDs of GO, rGO, PPy and PPy/nano-Ni/rGO were collected (Figure 15). GO
displayed a peak at 2θ = 10.2° arising from the (002) carbon crystalline plane.24-29 XRD of rGO
confirmed that the peak at 10.2° was replaced by a new broad peak, centered at 22.90°, which suggested
that the oxygen functionalities were reduced.30-31A peak at 26.2o, due to the (002) short-range order in
the stacked graphene sheets, was also observed.32-33
PPy produces peaks at 19.5° and 23° due to the π–π interactions along the polypyrrole chain,
revealing the regular array of polypyrrole molecules. PPy is also semicrystalline in nature due to the
folding of polymer chain into single or double helixes.34-36 The XRD of the most active PPy/nanoNi/rGO film also showed peaks at 2θ 18.68o, 23.30o and 26.16o, confirming the contribution of PPy and
rGO in the PPy/nano- Ni/rGO film. The three peaks at 44.45°, 51.76° and 76.41° were due to Ni(111),
Ni(200) and Ni(220). They confirm a face centered cubic (fcc) structure in the bulk nickel of the
nanoparticles.37-38

Figure 16. X-ray photoelectron spectroscopy (XPS) of PPy/nano-Ni/rGO after 3 h of operation.

SEM, TEM, and XRD analyses were performed on samples after catalysis in order to assess
the stability of the catalytic film. No significant change could be observed other than a relative increase
in porosity. This suggested that the structure and composition of the film was set during the
polymerization process and did not significantly change thereafter.
XPS was used to establish the composition and chemical states of the most Dynamic PPy/nanoNi/rGO film (Figure 16). The survey spectrum produced main peaks for O 1s, C 1s, Ni 2p and N 1s.
The O 1s spectra derives from the rGO while the C 1s spectra can arise from the PPy and rGO. The N

1s spectrum can only refer to PPy. The C 1s spectra was modelled with deconvolution peaks at 283.96,
284.4, 285, 286.5, 288, 289 and 291.2 eV (Figure 16(b)). The peak at 283.96 eV was due to a sp2 carbon
hybrid, which derives from the C=C binding energy. The peak at 284.4 eV fitted a sp3 carbon hybrid
and can refer to C-C, C-H. The peak at 285 eV is due to the C-N binding energy bond. Peaks at 286.5,
288, 288 and 291.2 eV derive from C-O, C=O, and O-C=O bonds and π – π interactions respectively.7,
9-12,40-42

The N 1s XPS spectra contained peaks at 499.97, 498.48, and 401.88 eV that reflect the binding

energy of –NH-, =N- and N+ bonds.16-18 The O 1s spectrum displayed peaks at 531.2, 532.5 and 533.5
eV due to the C=O, C-O-H and C-O- C bonds respectively.43-46 The Ni 2p spectra displayed peaks at
854.1 and 872.8 eV, due to to 1/2 and 3/2 spin respectively.47

2.2.4

EIS Studies and Tafel Plots of the PEDOT/Nano-Ni/rGO

Electrochemical impedance and Tafel plot studies were carried out for the PPy/nano-Ni/rGO electrodes
and contrasted with control films of nano-Ni/rGO, Pt, and PPy alone (with and without light
illumination) (Figure 17). The EIS results indicated that the control PPy (with and without illumination)
were controlled by mass transport (diffusion) processes at low frequencies (about the 100.5 Hz). The
most active PPy/nano-Ni/rGO film (with and without illumination) was controlled by interfacial and
charge transfer at intermediate frequencies (101-1.5 Hz).
Figure 17(b) shows the equivalent circuit used to model the experimental data. The data points
depict the experimentally measured results. The modelling is shown by the solid lines in Figure 17(a).
Table 2 list results from the modelling, including the ohmic resistance, Rel, solution/interfacial/charge
transfer resistance, Rct, and capacitance, which was expressed in terms of a constant phase element
(nCPE, and CCPE). The constant phase element provided the best fit of the measured data.

(a)

(b)

(c)

Figure 17. EIS spectra ((a) Nyquist plot, and (c) Bode plot); showing modelled data (solid lines) and
collected data (individual data points) at –0.75 V (vs Ag/AgCl). The data was modelled with the
equivalent circuit in (b)), for: (i) PPy/nano-Ni/rGO (with light illumination), (ii) PPy/nano-Ni/rGO
(dark; without light illumination), (iii) nano-Ni/rGO, (iv) PPy only (with light illumination), and (v)
PPy only (dark). Where nano-Ni and rGO are indicated to be present, the quantities were 125 mg nanoNi, and 5.4 mg rGO.

Sample

Rel
Ω

cm2

RCT
Ω

cm2

QCPE

ncpe

µΩ-1cm-2

CCPE

A

io

µFcm-2

mV/dec

µA cm2

PPy (dark)

43.35

2450

30.78

0.87

11.02

83.39

4.77

PPy (light)

43.31

1492

39.67

0.86

13.88

69.04

5.30

Ni/rGO

45.84

265.6

142.00

0.81

4.20

58.72

9.07

PPy/nano-Ni/rGO (dark)

42.97

218.2

99.50

0.81

28.0

59.84

2.56

PPy/nano-Ni/rGO (light)

42.36

205.4

110.87

0.81

30.13

50.07

2.82

----

-----

-----

----

-----

58.35

7.02

Pt

Table 2. Modelled data from the electrochemical impedance spectroscopy in Figure 17(a)
(ohmic resistance, Ro, charge transfer resistance, Rct, and charge transfer capacitance (Cct) expressed
in terms of a constant phase element (nCPE and CCPE) and from the Tafel plot studies in Figure 18
(slope A; exchange current density io).

Figure 18. Tafel plots for: (i) PPy/nano-Ni/rGO (with light illumination), (ii) PPy/nano-Ni/rGO (dark;
without light illumination), (iii) nano-Ni/rGO, (iv) PPy only (with light illumination), (v) PPy only
(dark; no light illumination), and (vi) Pt only. The current i has units of mA/cm2.

Table 2 shows that CCPE increased from control PPy to the nano-Ni/rGO film, to the PPy/nanoNi/rGO film. This shows that the PPy/nano-Ni/rGO had notably higher active areas and that light
illumination still further increased the active area. This was consistent with the highly porous structure
of the PPy observed using SEM.
Figure 18 depicts catalyst Tafel plots. These results have been tabulated in the last two columns
of Table 2. As can be seen, the Tafel slopes of the PPy/nano-Ni films are lower than for the control PPy
only and PPy/nano-Ni films, as well as the Pt control. The higher catalytic activity of the best PPy/nanoNi/rGO film (compared to Pt) was therefore because it was more strongly stimulated by the applied
voltage. That is, while it had a lower exchange current density, io, its catalytic activity accelerated more
rapidly with applied voltage.
In other words, the PPy in the best PPy/nano-Ni/rGO film synergistically enhanced the H2generating electrocatalysis in much the same way that it did in O2-generation; it maximized the
catalytically active area and simultaneously maximized the catalytic activity of each site. The only
difference was that the charge carriers were holes, h+, not electrons, e-. This is, likely, the reason that
the optimum molar ratios of the PPy, nano-Ni and rGO were different in the best H2-generating film
compared to the best O2-generatiing film.

3.

Conclusions

PPy films containing nano-Ni and rGO have been examined as photoelectrocatalysts of the
oxygen evolution reaction (OER) in 0.2 M Na2SO4 with the pH adjusted to 12. While the control
PPy, PPy/nano-Ni, and PPy/rGO films were weakly catalytic, a 0.66 µm thick PPy film (7.78
S/cm) containing the specific molar ratio of PPy: nano-Ni: rGO of 1.0 (N; PPy; one monomer):
1.49 (Ni): 7.09 (C; other) proved to be highly active, particularly over extended testing (50 h).
This film, deposited on Pt, generated a continued current density of 0.93-1.00 mA/cm2 at 0.80
V (vs Ag/AgCl) over >45 h under light illumination of 0.25 sun. This was 6.7-fold larger than
the underlying control bare Pt electrode (<0.15 mA/cm2 under identical conditions). GC

confirmed that O2 was the only gas generated. EIS and Tafel plot studies, along with SEM/EDX,
TEM, XPS, demonstrated that the catalytic amplification was created by the PPy.
In H2-generation catalysis, the greatest amplification was produced by a 0.65 µm thick
film (6.90 S/cm2) incorporating 125 mg of nano-Ni and 5.4 mg of rGO that produced a 18%
larger current (2.6 mA/cm2, including a 0.2 mA/cm2 photocurrent under 0.25 sun) than the
control bare Pt electrode (2.2 mA/cm2) after 3 h of operation. This film contained PPy: nano-Ni :
rGO in a molar ratio of 0.51 (N; PPy; one monomer) : 1.00 ( Ni) : 4.43 (C; other). Gas analysis
demonstrated that hydrogen was the sole gas produced. SEM/EDX showed that the film comprised a
porous structure in which the elemental constituents were evenly distributed.
In both H2- and O2-generation, the above films were superior to control films containing
the same absolute weights of nano-Ni and rGO without any PPy present. Minor variations in the
compositions of the most active films produced notably lower currents.
EIS and Tafel plot studies indicated that, for both H2- and O2-generation, the catalytic
amplification derived from the PPy electrically connecting the largest density of catalytic sites (thereby
maximising the catalytically active area) by the shortest, most-conductive pathway (thereby decreasing
the Tafel slope and maximizing the catalytic activity of each site). That is, there was a synergistic
matching of the conductivity, connectivity, and catalytic facility in the above films.
The differing optimum component ratios of the above films, for H2- and O2-generation, was
due to the dissimilar conductivity of PPy for the current carriers in these systems; namely, electrons (e) in the case of O2-evolution and holes (h+) for H2-generation.
These results are qualitatively similar to, albeit slightly lower than those obtained for the
comparable systems using poly(3,4-ethylenedioxythiophene (PEDOT) as the conducting
polymer.4,5 It can be concluded that the principles of synergistic matching of the components
apply to thin-film conducting polymers in general and are not unique to PEDOT. That is, they
also apply to other conducting polymer supports, like PPy. The effect of the lower conductivity
of PPy relative to PEDOT was only to increase the resistance to charge carrier transport, thereby
slightly depressing the extent of the amplification.
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